' INTRODUCTION
Due to their exceedingly high strength and stiffness, cellulose nanowhiskers isolated from biosources, such as wood, straw, and cotton, have emerged as an attractive component of a broad range of advanced materials. 1, 2 Examples of such include highperformance polymer nanocomposites, 4 mechanically adaptive materials, 5 and mesoporous photonic solids. 6 The mechanical properties, low cost, and renewable nature of cellulose nanowhiskers make them an appealing alternative to other nanofibers (defined as a nano-object (a material with one, two or three external dimensions in the nanoscale (1À100 nm))) 3 with two similar external dimensions in the nanoscale and the third dimension significantly larger), such as multiwalled carbon nanotubes (MWCNTs), which were recently reported to cause adverse effects in vitro and in vivo, such as DNA damage, 7 increased inflammatory cytokine/chemokine expression and oxidative stress. 8 MWCNTs have further been suggested to elicit asbestos-like effects, such as an increased inflammatory granulamatous formation on the peritoneal aspect of the diaphragm in vivo. 9 Indeed, MWCNTs share several characteristics with asbestos, including a high aspect (length to width) ratio and high stiffness. 10 Recently, it was suggested that the progressing carcinogenic effects observed for MWCNTs could be triggered by these features 9 and not their chemical composition (specifically their Fe content), which had previously been suggested on the basis of in vitro and in vivo studies. 11 Because cellulose nanowhiskers also exhibit a high aspect ratio and high stiffness, 1 it is imperative to ask the question if they could also cause similar undesirable biological effects. The lung, when also considering ingestion, injection, or application of nano-objects to the skin, is the primary portal of entry to the human body, and thus, nanoobjects pose the greatest potential human health risk to this organ. Cellulose nanowhiskers may be inhaled in an aerosolized form during various stages of the lifecycle, 12 in particular, when handled in an individualized form (i.e., during isolation and processing), upon extraction from nanocomposites or aerogels under high-wear conditions (e.g., processing such as cutting or sanding, which has been reported as a problem in the case of asbestos 10 ), or upon release from the matrix after disposal (i.e., matrix degradation). It is therefore necessary to assess the potential risks associated with these nanofibers and the nanomaterials (defined as "a material that has one or more external dimension in the nanoscale or which is nanostructured") 3 made from cellulose nanowhiskers before they can be broadly exploited. 13 ABSTRACT: Cellulose nanofibers are an attractive component of a broad range of nanomaterials. Their intriguing mechanical properties and low cost, as well as the renewable nature of cellulose make them an appealing alternative to carbon nanotubes (CNTs), which may pose a considerable health risk when inhaled. Little is known, however, concerning the potential toxicity of aerosolized cellulose nanofibers. Using a 3D in vitro triple cell coculture model of the human epithelial airway barrier, it was observed that cellulose nanofibers isolated from cotton (CCN) elicited a significantly (p < 0.05) lower cytotoxicity and (pro-)inflammatory response than multiwalled CNTs (MWCNTs) and crocidolite asbestos fibers (CAFs). Electron tomography analysis also revealed that the intracellular localization of CCNs is different from that of both MWCNTs and CAFs, indicating fundamental differences between each different nanofibre type in their interaction with the human lung cell coculture. Thus, the data shown in the present study highlights that not only the length and stiffness determine the potential detrimental (biological) effects of any nanofiber, but that the material used can significantly affect nanofiberÀcell interactions.
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Experimental data regarding interactions between cellulose nanofibers and lung cells are severely limited. Recently, Moreira et al. 14 conducted an in vitro study to explore the potential genotoxicity and cell proliferation of bacterial cellulose secreted from Gluconacetobacter xylinus. This type of cellulose assembles into several micrometer long ribbons that form a dense reticulated network and, thus, exhibits a structure that is quite different from that of the individualized nanowhiskers studied here ( Figure 1A,B) . The material did not affect cell viability (as assessed by the MTT colorimetric assay) and induced no genotoxicity in CHO cells or 3T3 fibroblast cells (as determined by the comet assay and the Salmonella tryphimurium reversion assay (Ames test)) up to a concentration of 0.1 mg 3 mL
À1
. The appropriateness of the latter test to assess the potential genotoxicity of nano-objects to humans is, however, of current debate, because the interaction of nano-objects with bacteria and mammalian cells are different. 15 In addition, no effect upon cell viability was observed with bacterial cellulose when probed using the MTT colorimetric assay.
14 Several papers have also discussed the toxicity of cellulose fibers with diameters of >100 nm. 16 These studies showed that cellulose fibers elicit a significantly lower inflammatory response, as well as fewer granulomas and reduced mesothelioma formation compared to asbestos fibers in vivo, 16 while in vitro, the same fibers showed no significant lactate dehydrogenase (LDH) release from A549 epithelial cells. Therefore, the results from the available toxicity studies, 14, 16 the fact that cellulose is biodegradable, and the notion that the biosources from which cellulose nanowhiskers are derived are deemed "safe", may suggest that cellulose nanowhiskers are indeed benign. Nevertheless, the dimensions and structure of individualized cellulose nanowhiskers (∼10À30 Â ∼100À2000 nm, depending upon the source) are vastly different from those of the microfibrillated cellulose (entangled fibers with a length of several micrometers) that was studied before. 1, 14 Furthermore, cellulose degradation occurs primarily through enzymatic processes, which normally does not occur in the human body. One must also consider that surface-modified cellulose nanowhiskers are frequently used for nanocomposite fabrication. 1 The extremely high surface area to weight ratio suggests that the surface (and not bulk) chemistry may determine the rate of hydrolytic degradation processes and how such nanowhiskers present themselves to cells. This therefore supports the notion that the potential hazard associated with nano-objects can be strongly associated with their surface area and reactivity. 17 Thus, an understanding of how cellulose nanowhiskers interact with biological systems is imperative prior to their application.
' EXPERIMENTAL SECTION Materials and Methods. Chemicals and Reagents. All chemicals and reagents were purchased from Sigma-Aldrich, Switzerland, unless otherwise stated.
Isolation of Cotton Cellulose Nanowhiskers (CCNs). Cellulose nanowhiskers were isolated from cotton (CCNs) using the previously reported protocol, 1 which largely follows the procedure of Dong et al. 18 Briefly, 5.2 g of Whatman No. 1 filter paper was combined with 250 mL of deionized water and then blended at high speed for 5 min. The resulting pulp was cooled at 4°C in an ice bath, and a total of 140 mL of concentrated sulfuric acid (98%) was then slowly added under vigorous stirring over a period of 45 min. The addition rate of the sulfuric acid was controlled to keep the temperature below 30°C. After all the sulfuric acid was added to the sample, the suspension was heated to 50°C and stirred at this temperature for 4.5 h. The dispersion was then cooled to room temperature and centrifuged for 15 min at 3400 rpm, and the supernatant solution was decanted. The remaining mixture was subsequently dispersed in 100 mL of H 2 O by shaking and subsequently centrifuged as before. The process was repeated 5 times until the supernatant reached pH 4. The resulting solid was then dialyzed over 48 h in H 2 O (with 5 changes of water). The resulting slurry was then sonicated for 3 h and incubated at room temperature overnight. The dispersed supernatant, containing the CCNs, was then separated from any solids by decanting. The concentration of the dispersion was finally determined (10 mg 3 mL
) by vacuum drying a 5 mL sample and weighing the remaining solid.
Characteristics of CCNs. Sulfuric acid hydrolysis of Whatman filter paper yields CCNs with a typical width of 15 ( 5 nm, a length of 220 ( 67 nm, and an average aspect ratio of ∼15 ( Figure 1A ,B and Table 1 ). The hydrolysis protocol employed introduces a small amount, relative to overall OH content (∼31 mmol 3 kg À1 ), of sulfate groups, as determined by titration, on the surface of the nanowhiskers. 19 Atomic Force Microscopy. CCNs were deposited using 50 μL of a 0.1 mg 3 mL À1 aqueous stock solution that was placed on a freshly cleaved mica surface. The solvent was evaporated at 60°C under vacuum for 24 h. A JPK SPM Control Station III with a NanoWizard II standalone atomic force microscope (AFM) head was then used to acquire images in tapping mode using silicon cantilevers (NANO WORLD, TESPA-50). All micrographs are presented in top-view with no filtering to ensure that all images were produced with the same quality.
Transmission Electron Microscopy. Dispersion and dimensions of the cellulose nanowhiskers were studied using transmission electron 22, 23, 25 microscopy (TEM; CM100, Philips Electron Optics, Zurich, Switzerland) operating at an accelerating voltage of 80 kV. A 10 μL drop of a 0.1 mg 3 mL À1 stock solution was placed on a copper grid, supported by 3 nm carbon with a layer of 50 nm polymer film below. The samples were dried at 60°C in a vacuum oven for 2 h and then imaged. Dimensions quoted ( Table 1) are averages of 10À15 whiskers from five random TEM images.
Monocultures. To determine how CCNs interacted with each different cell type of the 3D in vitro coculture, all biochemical end points were also assessed for each cell type contained within the coculture model. Human monocyte derived macrophages (MDM) and dendritic cells (MDDC) (MDDC were obtained by incubating monocytes with the growth factors GM-CSF and IL-4) were isolated from human whole blood and cultured at 37°C, 5% CO 2 as previously described in. 20 The human bronchial epithelial cell-line 16HBE14o-, kindly donated by Dr. D. Gruenert (Cardiovascular Research Institute, University of California, San Francisco), were cultured as described in ref 21 .
3D Triple Cell Coculture Model of the Epithelial Airway Barrier. Monocultures of MDM, MDDC, and 16HBE14o-cells were combined on 12 well trans-well inserts (area = 0.9 cm 2 ), as described in 20 and 21. Preparation and Exposure of CCNs to Cell Cultures. A stock dispersion of 2 mg 3 mL À1 CCNs in H 2 O was prepared by diluting the original dispersion (vide supra) with water. The stock solution was then thoroughly vortexed for up to 1 min and diluted to concentrations of 0.005, 0.015, and 0.03 mg 3 mL À1 in specific cell culture media (either epithelial cell media or complete cell media). The working concentrations were then exposed to the different cell cultures (either monocultures or the triple cell coculture), as a suspension, for 24 h at 37°C, 5% CO 2 .
Preparation and Exposure of MWCNTs and CAFs to Cell Cultures. MWCNTs and CAFs were employed within the present study as positive control (nano)fibers. MWCNTs (Cheaptubes) were dispersed in Pluronic F127, as previously described in ref 22 , to provide a stable and well-dispersed sample. In ref 28 and with subsequent studies, it has been observed that when Pluronic F127 is used at 160 ppm to disperse these MWCNTs that no adverse effects are induced in vitro. 22, 23 CAFs (a kind donation from the National Research Institute of Occupational Diseases (Johannesburg, South Africa) were weighed out and suspended directly in cell culture media. Samples were then sonicated in a water bath for 10 min. Stock solutions of both MWCNTs and CAFs were then diluted to form both a low and high working concentration of 0.005 and 0.03 mg 3 mL À1 respectively. The working concentrations for both MWCNTs and CAFs were exposed, as a suspension, to either monocultures or the triple cell coculture for 24 h at 37°C, 5% CO 2 .
Biochemical Analysis. Measurement of Cytotoxicity. The potential for CCNs, MWCNTs, and CAFs to induce cytotoxicity in the four different cell cultures was assessed by the level of lactate dehydrogenase (LDH) present in the cell supernatants, as previously described by ref 24 . LDH is a cytosolic enzyme that can be released by cells following the permeabilization of the cell membrane. LDH is thus released into the cell medium due to membrane leakage. Membrane leakage can cause subsequent inflammatory reactions and can also enable the passage of NPs through the epithelial (or epithelialtype (i.e., trophoblast)) layer. To assess the total LDH release from the different cell cultures used, 0.2% Triton X100 was used as a positive control. All LDH results are presented as a percentage of the total LDH release from cells. The ability of the CCNs, MWCNTs, and CAFs to adsorb to the surface of the LDH enzyme, eliciting a false negative toxicity, was also investigated. No significant LDH adsorption was observed (data not presented). Measurement of (Pro-)Inflammatory Cytokine/Chemokine Stimulation. The ability for CCNs, MWCNTs, and CAFs to stimulate the proinflammatory cytokine tumor necrosis factor (TNF)-α (MDM and MDDC monocultures, as well as the triple cell coculture) and the inflammatory chemokine interleukin (IL)-8 (16HBE14o-monocultures and triple cell coculture) was assessed using enzyme-linked immunosorbant (ELISA) diagnostic kits (R&D Systems, Switzerland). TNF-α is mainly produced by macrophages as well as dendritic cells and controls a wide range of biological reactions, such as the induction of additional cytokines involved in the innate immune response. IL-8 is also a mediator of the innate immune response and serves as a chemotactic factor for granulocytes. IL-8 is released by epithelial cells and many other different cells. The ability of the CCNs, MWCNTs, and CAFs to adsorb to the surface of either the TNF-α or IL-8 protein, eliciting a false negative toxicity, was also investigated. No significant TNF-α or IL-8 protein adsorption was observed (data not presented).
Electron Tomography. In conventional electron microscopy, only projections in two dimensions of a thin three-dimensional body are imaged. In such a case, the cross-section of, for example, a fiber can be a bar, an ellipse, or a circle. These representations of the fiber could be addressed to other two-or three-dimensional forms (i.e., spheres, cuboids, or discs). Electron tomography, however, shows the defined three-dimensional structure of any investigated body. Furthermore, a large nano-object can hide a smaller one in conventional electron microscopy. The tilting method employed by electron tomography, however, enables the small, hidden nano-object to become visible. Ultrathin sections were cut 300 nm thick and mounted onto 100 mesh copper grids. The samples were screened for a suitable area with a CM12 TEM (FEI Co. Philips Electron Optics, Zurich, Switzerland). Tomography imaging was then recorded on a selected area with a Tecnai F20 TEM (FEI, Eindhoven, The Netherlands) equipped with a GIF Tridiem energy filter and Ultrascan 1000 CCD camera (Gatan, Pleasanton, U.S.A.). The tomography was recorded at a magnification of 34000Â, respectively, performing a continuous tilt angle shift from max À70°t o +70°with a dual tilt Fischione specimen holder (Fischione Instruments, U.S.A.). To correct for the missing wedge (À90°until À70°/+90°u ntil +70°) dual tilt axis acquisition was performed with an angle difference of 90°. Image processing and 3D stack reconstruction was performed with the Inspect 3D software V.3.0. (FEI Company). Further image processing and the reconstruction of the different (nano)fibers was performed using AMIRA 5.2.2 (Visage Imaging, Berlin, Germany). 25 Data and Statistical Analysis. All results are presented as the mean ( standard error of the mean (SEM). All data was found to be normally distributed (data not shown). Subsequent statistical significance analysis was performed using a parametric one-way analysis of variance (ANOVA), followed by a Tukey's pairwise comparisons post hoc test when appropriate (MINITAB, version 15.1, MINITAB Inc., 2006). Results were considered significant if p e 0.05.
' RESULTS AND DISCUSSION
The use of a sophisticated three-dimensional in vitro triple cell coculture model of the human epithelial airway barrier 20, 26 allowed investigation, for the first time, of the interactions of cellulose nanowhiskers with human lung cells. The triple cell coculture model consists of primary, monocyte derived macrophages (MDM; apical layer) and dendritic cells (MDDC; basolateral layer) derived from human whole blood, as well as an epithelial layer formed by the human bronchial epithelial cellline 16HBE14o-. 21 It has been shown that this in vitro model mimics the precise structure of this important aspect of the airway wall in the human lung as it is in vivo. 26 In addition to this, the triple cell coculture has been used as a basis for studying how different types of nano-objects may interact with the important immune and barrier cells of the epithelial airway barrier. Fluorescent latex, nontoxic micrometer-sized and nanosized spherical nano-objects have been used to study the entry mechanism and intracellular fate that these micrometer/nano-objects may take following suspension exposure. 21 In addition, Fe 2 O 3 and Au core nano-objects with an ATTO polymer shell, 27 as well as "naked" (i.e., no shell) citrate stabilized Au NPs and Au with a polyethylene glycol polymer shell NPs 28 have been shown to localize within lysosomes, but not the mitochondria, when exposed to the triple cell coculture model by either aerosol or suspension methods. Numerous studies have also investigated the potential adverse effects that nano-objects may elicit following their interaction with the epithelial airway barrier in vitro. In a study by Brandenberger and colleagues, 29 Au nano-objects were assessed for their ability to affect cell signaling, including proinflammatory pathways, and induce cytotoxicity. Although the model was shown to be sensitive to lipopolysaccharide exposure, no significant (p > 0.05) synergistic or suppressive effects were observed over a 24 h period. In contrast, however, a study in which different nanofiber (single-walled CNTs (SWCNTs)) and nano-objects (titanium dioxide (TiO 2 )) were assessed for their ability to stimulate pro-inflammatory cytokine/chemokine markers, as well as affect total antioxidant capacity (TAC) within the triple cell coculture. 30 It was reported that the in vitro model elicited a significant decrease (p < 0.05) in the TAC following SWCNTs exposure, while TiO 2 caused a significant increase (p < 0.05) in TAC of the triple cell coculture. Similar results were found for the pro-inflammatory cytokine TNF-α and chemokine IL-8, in contrast to the findings of ref 29 . These findings highlight that the triple cell coculture model responds differently to a variety of nano-objects. Due to this knowledge and the plethora of information already gathered in relation to lung cell nano-object interactions in vitro using this model, the triple cell coculture was employed in the current study to explore the lung cell interaction of cellulose nanowhiskers isolated from cotton by hydrolysis with sulfuric acid (cotton cellulose nanowhiskers, CCNs). These particular cellulose nanowhiskers contain a small concentration of negatively charged sulfate groups on their surface, which are a result from the hydrolysis protocol and contribute considerably to their colloidal stability in water. They were selected for this study because they are the type most commonly used by researchers ( Figure 1A ,B and Table 1 ). 1 Electron tomography images of the triple cell coculture system after exposure to CCNs revealed that these particles interacted only with the MDM on the apical side of the triple cell coculture (Figure 2) . No CCNs were observed within the epithelial cell layer or the MDDC after 24 h of exposure to a suspension comprising of the CCNs at a concentration of 0.03 mg 3 mL À1 in a controlled environment (37°C, 5% CO 2 ). Similar results were also observed for both the MWCNTs and crocidolite asbestos fibers (CAFs) under the same experimental conditions. The observation that none of the (nano)fibers used in the present study underwent trans-epithelial translocation supports the findings of Mercer et al., 31 who reported that MWCNTs only interacted with macrophages in the alveolar epithelium of C57BL/6J mice (56 days after a dose of 80 μg had been administered by pharyngeal aspiration). The fate of MWCNTs in the current study, which were observed to be "bundled", showed localization within vesicles, similar to the interaction of spherical nano-objects with cells, 32 while CAFs showed classical signs of frustrated phagocytosis. 33 Interestingly, the CCNs did not cause any form of frustrated phagocytosis of the macrophage cells. Instead, they were completely internalized within a vesicle, suggesting that they enter these phagocytic cells through a form of endocytosis. The precise mechanism of this process is subject to further investigation. The observation that the CCNs, and likewise the MWCNTs, do not induce frustrated phagocytosis can be attributed to their relatively short length. Alternatively, it may be related to the specific surface chemistry of the CCNs. Thus, chemical surface modification, as it is practiced to compatibilize nanowhiskers with polymer matrices for nanocomposite fabrication 1 could dramatically change interactions of the nanowhiskers with mammalian cells. This concept is not novel, since it has been shown that the surface chemistry of spherical nanoobjects can dictate the specific response of cells in vivo and in vitro. 34 Nonetheless, it is necessary to assess this further for the safe handling and use of cellulose nanowhiskers when considering their potential use and applications. In addition, the role of protein interaction and exchange on the surface of CCNs should be examined, because this is known to significantly affect the interaction of different nano-objects with mammalian cells. 35 The manner in which nano-objects interact with cells in vitro has been shown to significantly affect the subsequent cellular response. 34 Our investigation of the cellulose nanowhiskers' ability to cause cellular damage (cytotoxicity) by the release of the cytosolic enzyme lactate dehydrogenase (LDH) showed that at a low CCN concentration (0.005 mg 3 mL À1 ) no significant (p > 0.05) cytotoxicity occurred after 24 h of exposure on the apical layer of the triple cell coculture model ( Figure 3A) . Similarly, no significant (p > 0.05) cytotoxicity was observed on the basolateral side, up to a CCN concentration of 0.03 mg 3 mL À1 . This finding is consistent with previous data on the toxicity of cellulose fibers with a diameter of >100 nm (i.e., nonnano-objects), 16 as well as those on bacterial cellulose. 14 The latter showed no alteration to the viability of CHO or 3T3 fibroblast cells when treated with cellulose dispersions at concentrations of up to 0.1 mg 3 mL À1 for 72 h. A significant (p < 0.05) dose-dependent toxicity was, however, observed for CCN concentrations of 0.015 and 0.03 mg 3 mL À1 on the apical side of the triple cell coculture model. No adsorption of the LDH enzyme with the CCNs, MWCNTs, or CAFs was observed for any of the concentrations explored. These results clearly show that despite the limited cytotoxicity observed, CCNs can elicit a cytotoxic response in vitro at concentrations that are deemed realistic. 10 Interestingly, however, at the highest concentration tested, both MWCNTs and CAFs elicited a much higher LDH release from the apical layer (combined of both MDM and epithelial cells) compared to the CCNs. Although the CAFs were found to elicit 20% more LDH at the same concentration, only the MWCNTs were observed to be significantly (p < 0.05) cytotoxic compared to the CCNs when exposed for 24 h at a concentration of 0.03 mg 3 mL À1 (causing a 31% increase in the LDH released from the cells in the apical layer). It is important to highlight that single-walled CNTs (SWCNTs) were not investigated within the and an epithelial layer of the 16HBE14o-human bronchial cell-line) and the basolateral layer (consisting of human blood monocyte derived dendritic cells (MDDC)) of the 3D triple cell coculture model of the epithelial airway barrier. The apical aspect of the triple cell coculture was exposed to each (nano)fiber type for 24 h at concentrations of 0.005 and 0.03 mg 3 mL À1 and in case of CCNs also 0.015 mg 3 mL À1 at 37°C in an atmosphere with 5% CO 2 . The effects of H 2 O were also assessed since this was the buffer in which the CCNs were originally suspended. In both (B) lipopolysaccharide (LPS) and (C) TNF-α were used as positive assay controls at 1 mg 3 mL À1 . Data is presented as mean ( standard error of the mean (SEM) with n = 3. *Represents a significant difference (p < 0.05) compared to the negative control (medium only).
† Represents a significant difference (p < 0.05) compared to CCNs at the same concentration. current study. In the past few years it has been widely reported that MWCNTs and not SWCNTs can elicit and induce adverse effects in vivo and in vitro. 7 Furthermore, it has been shown that, depending upon the specific production process and physicochemical characteristics of SWCNTs, that they are liable to enzyme degradation when interacting with biological systems, which can lessen the inflammatory potential of these nanofibers. 36 Thus, suggesting that SWCNTs can change their structural characteristics and interact with biological systems as nano-objects and not specifically nanofibers. In addition to this, cellulose nanowhiskers are primarily intended for application within construction materials, such as use in mechanical reinforcement. 2 Therefore, due to the increased strength and durability of MWCNTs renders them a more specific comparison than SWCNTs. Due to their ability to induce relatively low adverse biological effects, 7 however, and in-line with the data presented in the current study, a comparison between cellulose nanowhiskers and SWCNTs would be of interest to further understand how the specific material may contribute to the interaction of nanofibers with biological systems.
Investigation using electron microscopy ( Figure 2 ) showed that despite this significant increase in LDH release, cells did not show any form of significant membrane damage, rounding, or cellular bodies associated with different mechanisms of cell death. Studies that probe this aspect further are ongoing. The effects of such xenobiotic exposure to the basolateral side of the triple cell coculture model showed that both the MWCNTs and CAFs caused a significant LDH release compared to both the negative control and CCNs (concentration of 0.03 mg 3 mL À1 ) after 24 h. It is significant that the CCNs did not induce cytotoxicity on the basolateral layer (composed of MDDC) of the triple cell coculture at any of the concentrations tested. This suggests that the cellular interplay does indeed differ between the various (nano)fibers investigated and that the immune protector cells (i.e., macrophages) are able to cope with CCNs better than both MWCNTs and CAFs.
This difference is further reflected by the different (pro)-inflammatory reactions of the triple cell coculture when exposed to the (nano)fibers studied. Figure 3B shows the release of the pro-inflammatory cytokine tumor necrosis factor-α (TNF-α) into the media. In both the apical and basolateral media chambers, the CCNs caused no significant (p > 0.05) stimulation of TNF-α in comparison to the baseline values (i.e., the cell culture media only). By contrast, both MWCNTs and CAFs elicited significant (p < 0.05) TNF-α release in both chambers of the triple cell coculture model. Similar observations were also made for the stimulation of the inflammatory chemokine interleukin-8 (IL-8) by CCNs, MWCNTs, and CAFs ( Figure 3C ). While a dose-dependent increase in IL-8 release from the cells was observed for MWCNTs and CAFs, a significant increase (p < 0.05; relative to baseline levels) in the production of this inflammatory chemokine was observed after CCN exposure at 0.03 mg 3 mL À1 (apical layer only). The IL-8 response in vitro has not been previously assessed for CCNs. Because this inflammatory chemokine response simulates that of the response observed with TNF-α, it is therefore possible that the CCNs do not interfere with immune-system pathways in vitro and provides further evidence that the macrophages are able to adequately cope with CCN exposure with limited negative responses. Further in-depth research is required to fully understand this behavior. In addition, the (pro)-inflammatory response observed for CCNs further supports previous studies, 16 which showed that larger cellulose fibers (>100 nm in diameter) elicited a significantly lower "inflammatory" response (as measured by the stimulation of TNF-α both in vitro and in vivo) than CAFs. Interestingly, the (pro)-inflammatory response upon MWCNTs exposure is similar to that of CAFs, providing further evidence that MWCNTs can stimulate a similar cellular response in vitro to asbestos fibers.
Finally, it is important to highlight the effects observed from the triple cell coculture following exposure to CCNs, MWCNTs, and CAFs are different to the effects of the same (nano)fibers upon the monoculture of each cell within the epithelial airway model (Figure 4) . Although in vitro monocultures provide the basis for high-throughput analysis for nanotoxicology, they do not however, represent a realistic model of how nano-objects will interact with a specific organ of the body. Recently, there have been increased efforts to establish more realistic models to study the toxic potential of nano-objects, such as the triple cell coculture system employed within the present study. As previously highlighted, this model provides a clear basis for investigating the interaction of nano-objects with the lung. 20, 26 Figure 4 shows the effects of CCNs on MDM, MDDC, and 16HBE14o-epithelial cell monocultures using the same end points as presented in relation to their effects on the triple cell coculture (Figure 3) . It was observed that in each different monoculture (MDM, MDDC, and 16HBE14o-cells), the LDH release was significantly (p < 0.05) different to that found following CCN exposure to the triple cell coculture. This was also evident in the level of IL-8 stimulation in 16HBE14o-cells at both 0.015 and 0.03 mg 3 mL À1 (p < 0.05). Interestingly, however, no significant differences (p > 0.05) between the triple cell coculture and monocultures (MDM and MDDC) were observed in regards to the TNF-α response after CCN exposure. This is in contrast to the findings of ref 24 who reported a significant difference (p < 0.05) in the TNF-α response elicited by the triple cell coculture compared to monocultures following SWCNT and TiO 2 exposure. The reason for this observation for the MDM monocultures in the present study, could be due to the direct interaction with the specifically exposed (nano)fibers (the characteristics of the nanofibers may also significantly contribute the results presented, when considering previous observations 30 ), as also seen with the triple cell coculture model (Figure 2) . The similar effects observed between the TNF-α stimulation in the MDDC monocultures and triple cell coculture, however, are more interesting. It could be that the cellular interplay and signaling that occurs within the triple cell coculture mimics that of a direct exposure of the nanofibers, or it could simply be a specific end-point result, since similar results were not observed between these two different cell cultures in regards to LDH release. In summary therefore, the findings of the present study (monocultures vs triple cell coculture responses) highlight that (i) monoculture analysis for the screening of potential adverse effects of NPs is not sufficient, as it can express false negative or positive results and can provide information that is not reliable as a comparison to the in vivo response and (ii) the differences observed between the triple cell coculture are both end point and nano-object specific.
' CONCLUSION
In conclusion, the presented data clearly shows that cellulose nanowhiskers isolated from cotton, when delivered as a suspension to a reliable in vitro triple cell coculture of the epithelial airway barrier containing human lung cells, elicit a dose-dependent cytotoxicity and (pro)-inflammatory response. However, the reactions triggered upon exposure to CCNs were significantly lower than the responses caused by both MWCNTs and CAFs. In addition, the reported results comparing the triple cell coculture with monocultures, clearly shows that the effects of each different exposure upon each individual monoculture was significantly different from those observed for the triple cell coculture. This finding is consistent with previous research that has shown similar results with both diesel exhaust particles and manufactured nano-objects, including CNTs and TiO 2 , 30 and implies that the use of monoculture in vitro systems is not appropriate. Meaningful screening of the potential hazards posed by nano-objects should rely on more sophisticated in vitro models that are specific to the organ of primary interest and provide a well-structured and characterized version that mimics the in vivo situation. 26 While further, in-depth toxicological analysis is ongoing to assess the potential for cellulose nanowhiskers to cause oxidative stress, stimulate (pro-)inflammatory cytokines/chemokines and genotoxicity, the initial data reported in the present study reveal that in spite of the supposed biocompatibility of cellulose, CCNs can elicit adverse effects in vitro. Gratifyingly, however, these effects are significantly less pronounced than those caused by both MWCNTs and CAFs, suggesting that the material used can significantly affect nanofibre-cell interactions. It is imperative that great care is taken when generalizing our findings to other cellulose nanowhisker types, because surface chemistry, surface charges, as well as the length, aspect ratio, and stiffness vary considerably and are likely to influence interactions with mammalian cells.
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